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rhis  is  the  fourth  annual  technical  report  of  progress  toward  the 
;rosstie  memory  and  it  emphasizes  the  work  done  during  the  past 
fear.  In  the  crosstie  memory^  information  is  stored,  propagated 
and  detected  in  magnetic  domain  walls  of  Permalloy  films  about 
170  A thick.  Serrated  edges  on  narrow  thin  film  permalloy  strips 
are  used  to  center  a domain  wall  in  each  strip  and  provide  stable 
positions  for  crossties  and  Bloch  lines.  The  magnetoresistance 
affect  in  the  information  bearing  film  is  used  for  detection,  x 
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[■he  ^nticipated-performance  of  the  crosstie  memory  includes  a shif 
ate  of  (20  X lQ*Obits/sec,  a bit  density  greater  ttop  4.5  X IQ 5 
its/  cmS  an  Operating  temperature  range  from  -50  of  to  100®C, 
onvolatility,  )low  cost  and  low  power  consumption. 

At  this  Vime  all  the  necessary  functions  associated  with  the 
hift  registers  have  been  demonstrated  and  shown  to  be  compatible, 
resent  emphasis  is  being  placed  on  widening  the  margins  of 
peration  so  that  a reliable  and  manufacturable  device  will  result. 
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NSWC/WOL/TR  77-21  1 October  1976 

PROGRESS  TOWARD  THE  CROSSTIE  MEMORY  IV 

The  purpose  of  this  report  is  twofold.  First,  it  is  intended 
to  serve  as  an  annual  report  to  the  Naval  Air  Systems  Command. 

Second,  it  is  intended  to  summarize  in  one  place  our  present  knowledge, 
techniques,  and  opinions  concerning  the  Crosstie  Memory.  This  report 
is  not  self-contained  and  for  complete  understanding  previous  reports 
ought  to  be  read.  They  are  NOLTR  73-185,  NOLTR  74-176,  and  NSWC/WOL/ 
TR  75-167.  There  are  also  available  several  papers  which  are 
referenced  in  these  reports  and  which  have  been  presented  at  the 
Intermag  Conferences  and  Conferences  on  Magnetism  and  Magnetic 
Materials.  These  papers  can  be  found  in  the  IEEE  Transactions  on 
Magnetics  and  the  AIP  Conference  Proceedings.  A recent  invited  paper 
in  the  November  1976  issue  of  the  IEEE  Transactions  on  Magnetics 
can  serve  as  a useful  summary.  A shorter  summary  appeared  in  the 
1976  McGraw-Hill  Yearbook  of  Science  and  Technology. 


The  work  reported  here  was  funded  by  NAVAIR  Task  No.  WF545-545- 
602-A-360360G  20121. 
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Chapter  I 
SERRATED  STRIPS 
Functional  Requirements 

The  serrated  strips  are  intended  to  serve  two  functions.  First, 
they  are  intended  to  place  the  domain  walls  which  are  used  as  shift 
register  tracks.  Second,  they  are  intended  to  provide  a simple 
means  of  propagation.  The  optimization  of  the  serrated  strips  there- 
fore consists  of  finding  the  best  geometry  to  satisfy  the  two 
functional  requirements.  One  of  the  more  successful  arrangements 
to  date  is  shown  in  Figure  1.  Here  the  film  is  370  8 thick  and 
on  all  the  strip  widths  shown  the  walls  formed  nicely  as  desired. 

The  interior  of  the  same  array  is  shown  in  Figure  2 for  a 600  A 
thick  film.  As  expected,  crossties  form  spontaneously  at  zero  field 
in  this  thickness  range,  but  they  form  at  locations  determined  by 
the  strip  geometry.  All  1536  locations  in  the  array  were  filled 
with  perfectly  placed  crossties. 

Wall  Placement 

The  ease  with  which  walls  are  formed  depends  on  the  shapes 
of  the  serrated  strips.  The  critical  parameters  are  shown  in 
Figure  3.  Here  the  width  at  the  neck  is  a,  the  length  between  den- 
ticles is  b,  the  angle  0 is  the  denticle  angle,  and  <j>  is  the  apex 
angle.  Easiest  wall  placement  has  been  observed  when  <J>  is  an  acute 
angle  as  shown  in  Figure  1 and  Figure  2.  The  field  required  to 
place  the  wall  depends  also  on  the  width  of  the  strip  a.  However, 
once  the  wall  is  entered  into  the  strip,  the  wall  centers  itself 
best  when  a is  narrow,  for  example,  10  ym.  Also,  if  <J>  is  about 
90°,  the  wall  once  placed  is  tolerant  to  larger  magnetic  fields 
along  the  length  of  the  strip  before  it  becomes  dislodged. 

There  are  two  methods  that  can  be  used  to  place  the  walls  in 
the  strips.  One  is  to  apply  a large  static  field  perpendicular 
to  the  strip  length.  The  second  method  involves  applying  both  a 
static  and  alternating  field.  In  our  test  fixture  a static  field 
of  70  Oe  maximum. is  applied  using  a coil.  Then  an  alternating 
field  is  also  applied  to  the  coil  and  then  reduced.  Then  the  static 
field  is  reduced  to  zero.  The  peak  amplitude  of  the  alternating 
field  is  about  80  Oe  maximum.  The  alternating  field  shakes  the 
domain  configuration  in  the  strips  down  to  the  lowest  energy  config- 
uration which  is  that  of  a single  Neel  wall  or  crosstie  wall  as 
shown  in  Figure  1 and  Figure  2.  The  fields  used  to  shake  out  the 
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unwanted  walls  are  shown  graphically  in  Figure  4.  A few  hundred 
cycles  of  the  alternating  field  is  sufficient.  The  combination 
of  static  and  alternating  fields  is  the  most  practical  since  the 
fields  do  not  have  to  be  as  large  as  in  the  case  where  only  a static 
field  is  used.  On  certain  strips  a 20  Oe  field  is  sufficient. 

The  test  fixture  described  above  works  well  on  all  the  strips  tested 
to  date. 

It  would  be  nice  if  the  fields  used  to  propagate  would  also 
be  large  enough  to  set  up  the  walls.  Then,  once  the  memory  is  fab- 
ricated, it  could  be  run  for  a few  seconds  and  the  walls  would  be 
ready  to  receive  information.  This  may  be  a practical  approach, 
but  it  is  not  a necessary  requirement  since  a few  seconds  in  a coil 
can  also  set  up  the  walls  initially.  Once  the  walls  are  set  up, 
the  propagate  fields  tend  to  center  the  walls  in  the  strips.  Here 
we  find  ourselves  in  a position  where  we  are  trying  to  optimize 
two  functions  with  parameters  which  interact,  and  the  optimum  para- 
meters for  one  function  are  not  necessarily  optimum  for  the  other 
function.  Therefore  priorities  must  be  set.  The  possibility  that 
a shake  down  field  external  to  the  device  might  be  needed  initially 
to  set  up  the  walls  in  the  film  is  not  considered  an  unacceptable 
hardship.  Also,  if  the  walls  are  hard  to  place,  they  are  hard  to 
take  out.  So  unless  the  device  is  subjected  to  large  fields  the 
initial  wall  setup  should  serve  for  the  lifetime  of  the  device. 
Therefore,  the  parameters  should  be  optimized  for  propagation  with 
good  margins  of  operation  rather  than  for  easiest  wall  placement. 

Two  Pulse  Propagation  with  a Single  Conductor 

A new  method  of  propagation,  which  is  simpler  than  those 
previously  described,  has  been  found.  The  pulse  sequence  is  described 
in  Figure  5.  Two  pulses  are  needed  to  shift  a bit  from  one  serration 
to  the  next.  The  Bloch  line  must  be  moved,  then  the  crosstie  must  be 
relocated.  This  is  done  by  a duplication  and  annihilation  process. 

The  pulse  used  to  move  the  Bloch  line  must  be  large  enough 
to  move  the  Bloch  line  out  of  its  potential  well  but  not  large  enough 
to  nucleate  new  Bloch  line-crosstie  pairs  where  "zeros"  are  intended 
to  be.  Also,  the  pulse  must  persist  long  enough  for  the  Bloch  line 
to  move  into  the  next  potential  well  provided  by  the  neighboring 
serration.  The  amplitude  of  the  pulse  that  can  be  used  depends 
upon  the  nucleation  field,  pulse  length,  thickness  of  the  film  and 
serrated  strip  geometry.  Pulse  duration  depends  upon  pulse  amplitude, 
Bloch  line  mobility,  and  the  distance  between  serrations.  The  pulse 
length  normally  used  is  25  nsec  and  this  depends  mostly  on  the 
distance  b of  Figure  3.  Such  a pulse  is  shown  as  a negative  pulse 
in  Figure  5 between  Step  1 and  Step  2.  After  such  a pulse  is  applied, 
the  Bloch  line  is  found  in  the  next  potential  well  as  shown  in 
Step  2 of  Figure  5. 

The  duplication  and  annihilation  pulse  is  then  applied.  The 
pulse  used  for  this  operation  is  generally  about  10  nsec  long. 
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The  amplitude  of  the  pulse  is  greater  than  is  needed  for  nucleation 
and  annihilation.  After  the  pulse  is  applied,  it  appears  as  though 
the  crosstie  has  moved  as  shown  in  Step  4 of  Figure  5.  Other  consid- 
erations and  experiments  indicate  that  the  crosstie  really  does  not 
move  but  that  the  old  crosstie  is  annihilated  and  a new  crosstie 
appears  in  the  new  location.  The  reasons  for  this  are  now  given. 

If,  instead  of  a 10  nsec  pulse,  a pulse  1-5  nsec  long  is 
used  of  the  same  amplitude,  a new  crosstie-Bloch  line  pair  appears 
in  between  the  old  crosstie-Bloch  line  paif  shown  in  Step  2 of 
Figure  5.  Nothing  happens  in  other  locations  along  the  wall  because 
a positive  pulse  is  being  used  and  the  rest  of  the  wall  is  already 
positive.  Each  time  the  sequence  is  repeated  a new  crosstie- 
Bloch  line  appears.  This  is  illustrated  in  Figure  6.  Such  a phenom- 
enon may  have  application  as  a counter  or  other  logic  element  in 
conjunction  with  the  crosstie  memory.  The  1-5  nsec  long  pulse  is 
again  large  enough  in  amplitude  for  nucleation  and  annihilation 
but  not  long  enough  in  duration  for  the  Bloch  line  to  travel  to 
its  neighboring  crosstie  for  annihilation.  Bloch  line  mobility 
is  about  48,000  cm/Oe-sec.  The  fact  that  a new  crosstie-Bloch  line 
appears  when  a 1 nsec  pulse  is  used  prompts  one  to  expect  that  about 
1 nsec  after  the  application  of  the  10  nsec  pulse  used  in  Figure  5 
a new  crosstie-Bloch  line  pair  must  form. 

Now  we  can  consider  what  happens  if  a 20  nsec  pulse  is  applied 
instead  of  the  10  nsec  pulse  of  Figure  5.  Again  the  pulse  is  of 
the  same  amplitude  as  the  10  nsec  pulse,  large  enough  for  nucleation 
and  annihilation.  After  such  a pulse  is  applied  to  the  situation 
shown  in  Step  2 of  Figure  5,  the  crosstie  and  Bloch  line  disappear. 
Here  the  pulse  persisted  long  enough  for  both  crossties  to  be  anni- 
hilated presuming  that  a new  crosstie-Bloch  line  pair  was  generated 
in  the  first  nsec  of  its  application. 

With  all  these  considerations  it  becomes  clear  that  after  the 
first  nsec  of  the  10  nsec  pulse  a new  crosstie-Bloch  line  must  appear 
between  the  old  crosstie  Bloch  line  pair.  The  next  question  to 
be  answered  is  why  the  old  crosstie  becomes  annihilated  in  preference 
to  the  new  crosstie  during  the  10  nsec  pulse.  Here  we  must  consider 
crosstie  bending. 

When  a quasi  static  field  is  applied  perpendicular  to  the  wall, 
the  Bloch  line  first  runs  to  its  neighboring  crosstie  and  then  as 
the  field  increases  the  crosstie  bends.  This  is  illustrated  in 
Figure  7.  In  Step  1 of  Figure  7 no  field  is  applied  and  in  Step  2 
a field  is  applied  causing  the  magnetization  to  rotate  and  the  cross- 
ties to  bend.  If  the  field  is  increased  further  to  cause  crosstie 
annihilation  and  then  removed,  the  situation  shown  in  Step  3 results. 

Now,  if  we  wish  to  generate  crossties,  a field  must  be  applied 
in  the  direction  shown  in  Step  4.  Since  a field  is  present  during 
nucleation,  we  must  surmise  that  the  crossties  will  enter  bent. 

If  the  nucleation  field  persists,  the  Bloch  line  moves  along  the 
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wall  reversing  the  energetically  unfavorable  Neel  wall  until  the 
situation  shown  in  Step  5 results.  Step  5 is  the  same  as  Step  2 
except  for  polarity  reversal.  This  shows  why  the  crosstie  is  expected 
to  be  bent  when  it  nucleates. 

t ! 3 

I 

The  crossties  consist  of  Neel  walls  which  have  coercivity 
and  once  bent  a return  to  zero  field  does  not  straighten  them  com- 
pletely. Experiments  with  fast  rise-time  pulses  (less  than  1 nsec) 
and  variable  duration  indicate  that  a pulse  of  about  7 nsec  duration 
is  required  to  bend  an  already  present  straight  crosstie.  This 
suggests  that  the  crosstie  possesses  inertia  as  magnetic  walls  do 
and  an  acceleration  time  is  required.  The  acceleration  time  for 
the  Bloch  line  is  apparently  much  shorter. 


With  all  these  considerations  we  can  now  return  to  Figure  5 
and  examine  Step  3.  Within  the  first  nsec  of  the  applied  pulse 
a new  crosstie-Bloch  line  pair  enters  between  the  old  crosstie- 
Bloch  line  pair.  The  new  crosstie  enters  bent.  As  the  pulse  per- 
sists, the  Bloch  lines  travel  toward  their  neighboring  crossties 
on  the  left.  The  new  Bloch  line  has  a shorter  distance  to  travel 
and  arrives  at  its  neighboring  crosstie  (the  old  one)  sooner  than 
the  old  Bloch  line.  The  trailing  crosstie-Bloch  line  pairs  are 
annihilated  and,  before  the  leading  pair  can  come  together,  the  pulse 
is  shut  off.  The  end  result  is  then  shown  in  Step  4 of  Figure  5. 

The  propagation  sequence  shown  in  Step  5 has  been  repeated  often 
and  a movie  is  available  showing  propagation  by  this  technique. 
Unfortunately,  the  pulse  length  and  amplitude  needed  for  consistent 
operation  can  be  varied  over  only  a few  percent  on  serrations  tested 
to  date  and  the  margins  of  operation  are  not  yet  large  enough  for 
high  reliability  by  this  method.  It  has  been  noticed,  however,  that 
this  propagation  technique  works  best  when  the  distance  b of  Figure  3 
is  about  1/2  the  distance  a of  the  same  figure.  This  supports  the 
crosstie  bending  arguments  presented  above.  Experiments  to  date 
have  also  been  hampered  by  the  fact  that  a Bitter  solution  is  required 
for  observation  and  it  interferes  with  Bloch  line  motion  and  changes 
crosstie  coercivity.  Further  experiments  with  complete  shift 
registers  are  required  to  fully  evaluate  this  propagation  technique. 

Two  Conductor  Propagation 

Reliability  and  yield  will  go  hand  in  hand  with  large  margins 
of  operation  in  the  Crosstie  Memory.  The  propagation  scheme  described 
above  used  a conductor  which  ran  along  the  serrated  strips  to  provide 
uniform  fields.  Propagation  was  dependent  on  pulse  amplitude  and 
pulse  duration.  By  using  two  conductors,  larger  margins  of  operation 
are  obtainable  and  pulse  duration  is  no  longer  critical. 

To  explain  a two  conductor  scheme  of  operation  it  is  helpful 
to  make  an  analogy.  The  Bloch  line  and  crosstie  behave  in  a magnetic 
field  much  as  current  carrying  conductors  as  shown  in  Figure  8. 

Just  as  a current  in  a wire  produces  a circular  magnetic  field  about 
it  which  interacts  with  a uniform  field  to  give  rise  to  the  Lorentz 
force,  so  also  the  circulation  of  the  magnetization  about  a Bloch 
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line  gives  rise  to  a force  in  a uniform  field.  The  Bloch  line  and 
a current  carrying  conductor  can  then  be  considered  as  circulations 
in  a uniform  potential  flow  with  resulting  forces.  The  crosstie  can 
also  be  considered  analogous  to  a current  carrying  conductor  except 
that  the  current  is  smaller  and  in  the  opposite  direction  from  the 
Bloch  line.  Also  the  crosstie  has  much  more  friction  than  the  Bloch 
line,  a 2 Oe  coercive  force  compared  to  0.1  Oe  for  the  Bloch  line. 

Previously  we  described  the  serrated  strip  as  having  potential 
wells  for  the  crossties  and  potential  wells  for  the  Bloch  lines  so 
that  the  crossties  were  in  stable  positions  as  shown  in  Figure  1 
and  Figure  2,  and  the  Bloch  lines  are  in  stable  positions  in  between 
the  crosstie  positions.  We  can  just  as  well  describe  the  stable 
positions  in  terms  of  a force  field  or  magnetic  field  as  shown  in 
Figure  9.  The  equivalent  magnetic  field  which  is  a function  of 
the  strip  geometry  can  be  written  as 

Hs  = - A sin  ^ Oe.  (1) 

Notice  that  if  the  Bloch  line  was  moved  forward  a bit  it  would 
be  pushed  back  by  the  magnetic  field  so  that  the  positions  shown 
in  Figure  9 are  stable  positions.  If  the  Bloch  line  and  crosstie 
positions  were  interchanged,  they  would  be  in  unstable  positions. 

The  value  of  A can  be  easily  measured  by  applying  a uniform  field 
(down  in  Figure  9)  until  the  Bloch  line  jumps  to  its  next  stable 
position.  The  value  of  A is  then  equal  to  the  applied  field. 

Now  suppose  that  we  construct  our  shift  registers  in  the  form 
of  an  array  as  shown  in  Figure  10.  Also  above  and  insulated  from 
the  permalloy  we  etch  a meander  line  through  which  we  will  pass 
current.  Not  shown  in  the  figure  is  a microstrip  which  runs  beneath 
the  array  along  the  length  of  the  serrated  strips.  The  vertical 
component  of  the  magnetic  field  produced  by  the  meander  line  is 
also  shown  in  Figure  10.  It  can  be  described  by  the  equation 

Hm  = B sin  ^ Oe,  (2) 

while  the  field  produced  by  the  microstrip  is  a constant 

Hu  = C Oe.  (3) 

Now  suppose  we  have  an  array  as  shown  in  Figure  10  and  by 
applying  uniform  magnetic  fields  we  find  that  the  field  necessary 
to  overcome  the  equivalent  serrated  strip  field  is  2 Oe.  We  also 
must  apply  a field  of  5 Oe  to  nucleate  crossties,  and  a 12  Oe  field 
to  annihilate  them.  Now  we  can  place  values  on  Hm  and  Hu  for  pro- 
pagation. A combination  of  values  that  will  work  is  given  in 
Figure  11  for  moving  the  Bloch  line.  The  total  effective  field 
Ht  = Hs  + Hm  + Hu  is  plotted  in  Figure  11  and  the  movement  of  the 
Bloch  line  to  its  new  stable  position  is  indicated.  The  applied 
fields  Hm  and  Hu,  of  course,  cannot  exceed  the  crosstie  nucleation 
field  of  5 Oe  or  "ones”  will  appear  where  "zeros"  are  intended  to 
be.  The  maximum  sum  of  Hm  and  Hu  is  4 Oe  in  this  example.  The 
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fields  must  persist  long  enough  for  the  Bloch  line  to  travel  to 
its  new  stable  position  but  they  may  persist  indefinitely  longer. 
The  travel  time  for  the  Bloch  line  can  be  estimated  by  the  equation 

t = Z/u  H 

where  Z is  the  length  traveled  by  the  Bloch  line,  u is  the  mobility 
(48,000  cm/Oe-sec)  and  H is  the  average  field  given  by 


1. 51 


f H dx. 
1 5t  C 


For  the  values  given  in  Figure  11, 

H = 2 Oe. 

If  2,  is  taken  as  10  um,  then 

t = H/uH  = 10  x 10  ^/48,000  x 2 sec  = 10  nsec. 


(5) 


(6) 


(7) 


The  10  nsec  travel  time  given  above  was  derived  using  magnetic 
field  values  measured  external  to  the  serrated  strip.  The  actual 
fields  felt  by  the  walls  inside  the  strip  are  lower  because  of  the 
demagnetizing  fields  of  the  strip.  The  mobility  value  used  in  the 
calculation  above  was  obtained  by  observing  the  Bloch  line  in  an 
unetched  film  where  the  demagnetizing  fields  were  zero.  The  actual 
transit  time  for  the  conditions  described  above  would  be  about 
25  nsec.  However,  for  such  short  duration  times,  the  nucleation  field 
is  much  higher  than  the  static  values  given  in  the  example  and  the 
application  of  larger  field  values  could  bring  the  travel  time  close 
to  10  nsec.  The  application  of  uniform  fields  25  nsec  long  will 
move  the  Bloch  line  one  serration  when  the  serrations  are  12.5  urn 
apart  without  nucleating  spurious  crossties  and  this  is  an  exper- 
imental result  using  a Bitter  solution  for  observation.  Also 
a 100  nsec  pulse  of  the  same  amplitude  can  move  the  Bloch  line  4 
serrations.  The  Bitter  solution  supplies  its  own  magnetic  field 
which  tends  to  slow  down  the  Bloch  line  and  sometimes  even  return 
it  to  its  original  position  after  the  pulse  is  turned  off.  Hard 
conclusions  on  Bloch  line  mobility  cannot  be  made  using  Bitter 
solution  observation  techniques. 
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The  next  step  in  propagation  is  the  crosstie  relocation  pulse. 
This  is  described  in  Figure  12.  The  fields  applied  for  the  crosstie 
nucleation  and  annihilation  step  are  in  the  same  direction  as  the 
wall  where  "zeros"  are  present.  Therefore,  we  can  apply  large  fields 
without  fear  of  nucleating  spurious  "ones."  The  field  must  be  large 
enough  for  crosstie  annihilation.  If  a value  of  14  Oe  is  used  for 
Hm  and  Hu  and  combined  with  the  serrated  strip  equivalent  field, 
the  total  field  present  at  the  serrations  is  shown  in  Figure  12. 

As  this  field  is  applied,  first  the  nucleation  field  is  exceeded 
and  in  the  direction  where  a new  crosstie-Bloch  line  will  form. 

Once  nucleated,  the  Bloch  line  will  move  rapidly  to  the  left  toward 
the  old  crosstie.  The  crossties  will  move  also  with  such  a large 
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field  present.  Once  the  field  exceeds  the  annihilation  field,  the 
trailing  crosstie-Bloch  line  pair  is  annihilated.  The  new  crosstie 
will  move  toward  its  stable  position  but,  because  of  its  coercivity, 
it  will  stop  before  it  reaches  the  zero  field  point  close  to  its 
stable  position  when  the  applied  fields  are  turned  off.  The  time 
required  for  this  operation  is  about  10  nsec.  Notice  also  that  the 
lead  Bloch  line  remains  in  a stable  position  during  the  application 
of  these  fields  and,  therefore,  will  not  join  and  annihilate  the  new 
crosstie. 

The  pulse  sequence  needed  for  the  two  conductor  propagation 
scheme  is  illustrated  in  Figure  13.  The  sequence  shown  will  move 
a bit  two  serrations  or  one  period  in  the  shift  register. 

There  are  alternative  methods  of  achieving  the  fields  described 
above  and  other  methods  may  eventually  prove  to  be  superior  to  the 
meander  line  technique. 
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Chapter  II 

EASY  AXIS,  HARD  AXIS,  NO  AXIS 
Easy  Axis 

The  crosstie  wall  in  an  unetched  film  runs  along  the  easy  axis 
or  at  some  small  angle  to  it.  Walls  which  form  along  the  hard  axis 
are  zig-zag  or  sawtooth  type  walls.  Therefore  it  has  been  considered 
in  the  past  to  be  necessary  to  run  the  shift  registers  along  the 
easy  axis  of  the  film.  Of  course,  the  easy  axis  could  be  made  circular 
so  that  shift  registers  could  be  fabricated  in  concentric  circles 
or  in  spiral  form.  But  recent  experiments  with  serrated  strips 
have  shown  that  the  shape  anisotrophy  of  the  strips  is  much  larger 
than  film  anisotropy.  Therefore  the  possibility  of  walls  forming 
along  the  hard  axis  was  investigated.  It  was  thought  that  the  likeli- 
hood of  this  succeeding  may  be  small  because  of  previous  experiments 
which  showed  the  occurrence  of  one  dimensional  bubbles  or  tiny 
reversal  domains1  when  strips  lie  parallel  to  the  hard  axis. 

Nevertheless,  the  experiment  was  performed  and  it  was  found 
that  indeed  crosstie  walls  could  bt  <rmed  along  the  hard  axis. 

Hard  Axis 

Crosstie  walls  formed  in  serrated  strips  parallel  to  the  hard 
axis  are  shown  in  Figure  14.  The  crosstie  walls  were  formed  after 
the  application  of  the  wall  placement  fields  along  the  easy  axis. 

The  serrated  strips  on  the  edges  of  the  array  had  a combination 
of  crosstie  walls  and  one  dimensional  magnetic  bubbles.  If  a 
field  was  applied  along  the  hard  axis,  parallel  to  the  strips,  and 
then  removed,  one  dimensional  magnetic  bubbles  appeared.  To  form 
crosstie  walls  in  serrated  strips  parallel  to  the  hard  axis  it  helps 
to  have  the  serrated  strips  close  together  as  shown. 

The  crossties  have  a slightly  different  appearance  in  that 
the  Bitter  solution  does  not  become  thinned  out  near  the  strip  edges. 

In  other  words,  the  magnetization  does  not  become  as  parallel  to 
the  strip  along  the  edges  as  it  does  when  the  strip  is  along  the 
easy  axis.  With  serrated  strips  along  the  hard  axis  less  rotation 
takes  place  in  the  core  of  the  wall  and  a larger  signal  can  be 
expected  from  a NSWC  type  detector.  Also  the  crossties  bend  more 
when  small  magnetic  fields  are  applied.  This  is  illustrated  in 
Figure  15  where  small  fields  were  applied  in  opposite  directions  in 


1.  L.  J.  Schwee,  AIP  Conf.  Proc.  10,  378-382  (1973) 
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each  photo.  The  crossties  are  more  strongly  pinned  along  the  strip 
edges  and  move  more  along  the  main  wall  in  the  center  of  the  strip 
than  in  the  easy  axis  case  when  fields  are  applied.  Thus  there  may 
also  be  an  advantage  for  larger  margins  of  operation  in  this 
direction  for  the  single  conductor  propagation  scheme. 

It  was  possible  to  form  walls  in  strips  oriented  at  a 45° 
angle  from  the  easy  axis  but  only  when  the  wall  placement  field 
was  oriented  at  an  angle  which  was  not  quite  perpendicular  to  the 
strips.  When  the  wall  polarity  was  reversed  the  wall  jumped  to 
the  edge  of  the  strip. 

The  fact  that  crossties  can  be  formed  in  strips  parallel  to 
the  hard  axis  suggests  that  no  film  anisotropy  is  really  necessary. 
Consequently,  isotropic  films  were  deposited  by  rotating  the  magnetic 
field  during  deposition. 


No  Axis 

Serrated  strips  were  etched  at  arbitrary  angles  on  isotropic 
films  with  the  results  shown  in  Figure  16.  This  shows  that  there 
is  no  problem  turning  corners  and  therefore  masks  have  been  programed 
to  test  the  radius  of  curvature  that  can  be  tolerated  for  meandering 
serrated  strips. 

The  fact  that  isotropic  films  can  be  used  now  allows  for  very 
long  registers  to  be  used  and  for  their  turning  back  on  themselves 
so  that  a true  NDRO  memory  can  be  built.  It  also  points  up  the 
fact  that  only  the  shape  of  the  strip  need  determine  the  crosstie- 
Bloch  line  properties,  independent  of  film  anisotropy. 

Ideal  Material 

A new  freedom  in  the  choice  of  materials  results  from  the  use 
of  serrated  strips.  The  material  can  now  be  optimized  for  higher 
temperature  operation  and  higher  magnetoresistance.  The  addition 
of  cobalt  will  raise  the  magnetoresistance  effect  and  gold  can 
increase  the  thermal  stability  of  the  films.  The  material  require- 
ments still  include  zero  magnetostriction  and  saturation  magneti- 
zation in  the  neighborhood  of  10,000  gauss. 
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Chapter  III 

MAGNETORESISTANCE  DETECTION 
Fabr ication 

The  theory  of  operation  of  the  magnetoresistance  detector  was 
described  in  previous  reports,  but  the  fabrication  of  the  detector 
presented  many  problems.  The  detector  requires  that  vias  in  an 
insulating  film  be  opened  so  that  contact  can  be  made  to  the  permalloy. 
This  is  shown  in  Figure  17.  When  glass  is  used  as  a substrate,  a 
straightforward  etching  of  the  vias  in  Si02  is  not  possible  because 
the  etchant  penetrates  the  Ni-Fe,  attacks  the  glass  substrate,  and 
floats  the  Ni-Fe  free.  This  straightforward  technique  can  be  used, 
however,  when  silicon  is  the  substrate  material.  When  glass  is 
used  as  the  substrate,  thick  posts  are  photolithographically  defined 
in  the  areas  to  become  vias.  The  dielectric  deposition  is  then 
completed  and  the  substrate  immersed  in  a reagent  to  attack  the 
post  material. 


Initial  attempts  to  fabricate  the  detectors  using  negative 
resists  were  unsuccessful  because  the  stripper  attacked  the  Ni-Fe. 
Other  techniques  using  oxidizing,  reducing,  and  neutral  plasmas 
also  proved  unsuccessful  on  deposited  Ni-Fe  films.  The  reducing 
plasmas  did  work  well  however  on  sputtered  Ni-Fe.  It  was  finally 
found  that  the  lift  off  technique  using  a positive  resist  (AZ-1350 
by  Shipley)  provides  satisfactory  vias  in  the  SiC>2.  The  resist 
posts  are  thicker  by  a factor  of  two  than  the  Si02  and  the  caps 
must  be  swabbed  off.  A sequence  of  ketones  and  Shipley  stripper 
are  used  to  attack  the  resist  posts. 


Testing  Procedures 

The  detector  shown  in  Figure  17  was  fabricated  on  a very  short 
serrated  strip  because  the  head  and  tail  of  the  strip  secure  the 
domain  wall  in  a positive  manner.  Thus  we  could  be  sure  that  a 
wall  was  present  in  the  desired  location.  An  uncoated  Ni-Fe  film 
was  etched  using  the  serrated  strip  pattern  shown  in  Figure  17  and 
the  wall  behavior  was  observed  using  a Bitter  solution.  After  a 
field  was  applied  to  form  the  wall,  it  was  reversed  and  a crosstie 
appeared  at  the  tail  as  expected.  Upon  nucleation  of  the  crosstie 
the  associated  Bloch  line  ran  along  the  strip  to  the  head  of  the 
strip.  When  the  field  was  reversed  again,  the  Bloch  line  ran  toward 
the  tail  and  the  crosstie.  The  field  was  increased  until  annihilation 
resulted,  then  the  cycle  was  repeated.  Since  the  NSWC  detector 
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senses  the  difference  between  a positive  or  negative  Neel  wall, each 
time  the  Bloch  line  passes  the  detector  a voltage  change  can  be 
expected.  The  output  voltage  from  the  detector  resulting  from  the 
field  reversals  described  above  was  expected  to  form  a hysteresis 
curve  as  a function  of  applied  magnetic  field. 

The  completed  detector  was  placed  in  a Helmholtz  Coil  and  a 
combination  of  60  Hz  alternating  current  and  direct  current  was 
applied  so  that  the  field  reversal  described  above  could  be  simulated. 
The  applied  magnetic  fields  were  displayed  on  an  oscilloscope  on 
the  X-axis  and  the  detector  output  on  the  Y-axis.  The  result  is 
shown  in  Figure  18.  Starting  in  the  upper  right  hand  of  the  curve 
the  only  possible  wall  configuration  is  a positive  Neel  wall.  As 
the  field  is  reduced  it  continues  to  be  a positive  Neel  wall  until 
the  field  is  reversed  in  polarity  and  a crosstie-Bloch  line  pair 
are  generated  at  the  tail.  Immediately  the  Bloch  line  races  toward 
the  head  of  the  strip  changing  the  Neel  wall  to  a negative  Neel 
wall.  This  happens  at  about  -2.5  Oe  and  is  the  nucleation  field 
for  the  crosstie  at  the  tail  of  the  strip.  Other  crossties  nucleate 
at  a higher  field.  The  jump  in  voltage  then  is  seen  as  the  Bloch 
line  moves  past  the  detector.  As  the  field  reverses  and  becomes 
positive,  the  Bloch  line  moves  from  head  to  tail  at  about  1.5  Oe. 

This  shows  up  as  the  jump  in  voltage  at  1.5  Oe.  This  detector  was 
tested  at  less  than  the  maximum  current  that  is  considered  tolerable. 

This  testing  procedure  is  convenient  to  evaluate  detector 
configurations  and  fabrication  procedures.  One  detector  has  been 
running  for  4 months  at  a current  density  of  1 x 106  amps/cm2  and 
no  evidence  of  ion  migration  has  yet  been  seen. 

Now  that  all  the  functions  of  the  memory  have  been  demonstrated, 
emphasis  will  be  placed  on  the  fabrication  and  testing  of  shift 
registers. 
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FIG.  4 FIELDS  USED  TO  PLACE  WALLS  IN  STRIPS 
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12  CROSSTIE  RELOCATION  FIELD 
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